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In Brief
Protein secretion is initiated by sorting
signals that drive capture of nascent
proteins into COPII vesicles. Here,
Pagant et al. show that some polytopic
membrane proteins require a dual
interaction with the COPII cargo adaptor,
Sec24, that is driven in part by intrinsic
signals and in part by the cargo adaptor,
Erv14/cornichon.
Sec24 Is a Coincidence DeteCurrent Biology 25, 403–412, February 16, 2015 ª2015 Elsevier Ltd All rights reserved http://dx.doi.org/10.1016/j.cub.2014.11.070Article
ctor
that Simultaneously Binds Two
Signals to Drive ER ExportSilvere Pagant,1,* Alexander Wu,1 Samuel Edwards,1
Frances Diehl,1 and Elizabeth A. Miller1,*
1Department of Biological Sciences, Columbia University, New
York, NY 10027, USA
Summary
Background: Incorporation of secretory proteins into ER-
derived vesicles involves recognition of cytosolic signals by
the COPII coat protein, Sec24. Additional cargo diversity is
achieved through cargo receptors, which include the Erv14/
Cornichon family that mediates export of transmembrane pro-
teins despite the potential for such clients to directly interact
with Sec24. The molecular function of Erv14 thus remains un-
clear, with possible roles in COPII binding, membrane domain
chaperoning, and lipid organization.
Results: Using a targetedmutagenesis approach to define the
mechanism of Erv14 function, we identify conserved residues
in the second transmembrane domain of Erv14 that mediate
interaction with a subset of Erv14 clients. We further show
that interaction of Erv14 with a novel cargo-binding surface
onSec24 is necessary for efficient trafficking of all of its clients.
However, we also determine that some Erv14 clients also
directly engage an adjacent cargo-binding domain of Sec24,
suggesting a novel mode of dual interaction between cargo
and coat.
Conclusions:We conclude that Erv14 functions as a canoni-
cal cargo receptor that couples membrane proteins to the
COPII coat, but that maximal export requires a bivalent signal
that derives from motifs on both the cargo protein and Erv14.
Sec24 can thus be considered a coincidence detector that
binds simultaneously to multiple signals to drive packaging
of polytopic membrane proteins. This mode of dual signal
binding to a single coat protein might serve as a general
mechanism to trigger efficient capture, or may be specifically
employed in ER export to control deployment of nascent
proteins.Introduction
Biogenesis of integral membrane proteins and secreted solu-
ble proteins initiates in the ER. Once appropriately folded,
these proteins are packaged into COPII vesicles, named for
the coat machinery that generates them [1]. Although some
proteins exit the ER stochastically via bulk flow [2, 3], more effi-
cient ER egress relies on sorting signals that interact with the
COPII coat subunit, Sec24 [4–10]. Yeast and mammalian
Sec24 paralogs contain multiple cargo-binding sites, each of
which recognizes distinct motifs [4, 10–13]. Despite this
detailed characterization of Sec24 interaction with a subset
of cargo proteins, our broader understanding of how the full
repertoire of diverse secretory proteins is trafficked remains
incomplete.*Correspondence: sp2430@columbia.edu (S.P.), em2282@columbia.edu
(E.A.M.)Expanded diversity in cargo selection is achieved at least in
part by receptors that link multiple cargo proteins to the coat
[14, 15]. In yeast, Erv29 recruits a subset of soluble secretory
and vacuolar proteins that cannot directly contact Sec24
[16]. Mammalian ERGIC-53 and related family members simi-
larly package multiple secreted glycoproteins [17], including
clotting factors [18]. Lumenally oriented GPI-anchored pro-
teins, which are also subject to topological constraints,
employ the p24 complex [19]. The conserved Erv14/cornichon
family (Erv14 in yeast, cornichon in Drosophila, CNIH in mam-
mals) is required for efficient ER export of numerous endo-
membrane proteins [20–26], most of which are polytopic
and reside in the late secretory pathway [22]. Why membrane
proteins that have the potential to interact directly with the
COPII coat require a cargo receptor has long been a puzzle.
One model is that Erv14-dependent cargo proteins evolved
by genetic recombination that re-positioned their sorting
signals into the ER lumen [15]. Indeed, appending ER export
signals to cytoplasmic domains of Erv14/cornichon clients by-
passes the requirement for the receptor [22, 26]. Furthermore,
the COPII-binding signal on Erv14 is required for ER export of
at least one cargo, Axl2 [21]. However, some yeast Erv14 cli-
ents possess their own sorting signals (e.g., Gap1 [5]; Yor1
[27]), raising the question of how important the COPII coupling
function of Erv14 is.
In addition to coupling cargoes to the COPII coat, Erv14 has
also been proposed to chaperone long transmembrane do-
mains (TMDs), which are characteristic of plasma membrane
proteins [28]. Because the bilayer of the ER is relatively thin,
the potential for hydrophobic mismatch while plasma mem-
brane proteins transit through this organelle might drive a
requirement for such a chaperone. Indeed, TMD length seems
to play an important role in determining the rate of ER export
and Erv14 dependency for at least one client, Mid2 [22].
Whether this TMD-length dependence solely reflects a cargo
selection mechanism or has broader importance for protein
stability remains to be determined, especially because only a
subset of plasma membrane proteins appears to require
Erv14 for ER export [22].
We previously identified a requirement for Erv14 in traf-
ficking of the ABC transporter, Yor1 [29]. Intrigued by why
thismembrane protein, which contains its own ER exportmotif
[27], would need a cargo receptor, we sought to further dissect
the mechanisms by which Erv14 contributes to cargo pack-
aging. We find that Erv14-COPII interaction is universally
required for export of all Erv14 clients. Conversely, residues
within the second TMD of Erv14 appear to define a discrete
binding site that mediates interaction with only a subset of
Erv14 clients. In this respect, Erv14 seems to act as a classical
cargo receptor, binding simultaneously to cargo proteins and
the COPII coat to drive ER export. Yet, multiple cargoes also
showed a separate specific requirement for Sec24, suggesting
that dual ER export signals are a common feature for Erv14-
dependent polytopic membrane proteins. Finally, we identify
the site on Sec24 that likely recognizes Erv14 and propose
that Sec24 can be considered a coincidence detector that
binds simultaneously to two signals: one on the cargo protein
itself and another on Erv14. By using multiple weak sorting
Figure 1. Erv14 and Erv15 Are Necessary for ER
Export of Yor1 but Can Be Bypassed by Overex-
pression of SEC24
(A) Schematic representation of the Yor1-Sec24-
Erv14 associations; Yor1 has a DxE motif that in-
teracts with the Sec24 B-site.
(B) Serial dilutions of the yeast strains indi-
cated were tested for sensitivity to oligomycin
(0.4 mg/ml).
(C) Localization of Yor1-GFP in the strains indi-
cated was examined by epifluoresence micro-
scopy (scale bar, 2 mm). Arrows indicate
perinuclear ER.
(D) Packaging of Yor1-HA into COPII vesicles was
examined in vitro using membranes isolated from
the strain backgrounds indicated. Radiolabeled
cells were permeabilized and incubated with
COPII proteins in the presence of either GTP (+)
or GDP (2). HA-tagged Yor1 was immunoprecipi-
tated from total (T) and vesicle fractions and then
analyzed by SDS-PAGE. The percentage of cargo
in the vesicle fraction was quantified relative to
that in the donor membranes. An independent
cargo protein, Sec22, was also examined to
confirm efficient generation of vesicles. Numbers
indicate budding efficiency (% total).
(E) Serial dilutions of erv14D erv15D strains trans-
formed with the indicated variants of SEC24
under the control of the copper-inducible CUP1
promoter were spotted on media containing oli-
gomycin (0.4 mg/ml) and CuSO4 (400 mM). Partial
rescue of the oligomycin sensitivity of the
erv14D erv15D strain could be observed upon in-
duction of wild-type SEC24, sec24-A, and sec24-
C. In contrast, overexpression of sec24-B failed to
restore drug resistance (left panels). Yor1 engagement with Sec24 is essential for rescue because no oligomycin resistance was observed in a yor1D strain
expressing the sorting signal mutant of Yor1 (YOR1-D71A E73A) and transformed with the same SEC24 constructs (right panels).
See also Figure S1.
404signals, the coat may efficiently capture polytopic membrane
proteins at the ER membrane but still ensure coat release
from the vesicle prior to fusion with the Golgi. Furthermore,
this mode of Sec24-client interaction might serve to regulate
ER export in the context of protein quality control such that
only correctly assembled proteins present a dual signal and
thus fully engage the coat.Results
Erv14 and Erv15 Act Redundantly in ER Export of Yor1 to
Promote Sec24-Mediated Transport
We recently identified a role for Erv14 in ER export of the yeast
ABC transporter, Yor1 [29]. This was surprising because Yor1
possesses a canonical di-acidic ER export signal that medi-
ates interaction with the Sec 24 B-site [27]. Furthermore,
Yor1 was not identified in a systematic screen for Erv14 clients
[22], raising the question of the precise nature of the relation-
ship between Yor1 and Erv14 (Figure 1A). We first considered
that Yor1 may have eluded detection as an Erv14 client
because of functional redundancy with Erv15, a closely related
paralog [30]. Indeed, an erv14D erv15D double-mutant strain
was highly sensitive to the Yor1 substrate, oligomycin (Fig-
ure 1B), indicative of impaired delivery of Yor1 to the plasma
membrane and thus reduced clearance of the toxin from the
cytosol. Furthermore, Yor1-GFP was readily detected in the
ER in the erv14D erv15D double mutant, whereas ER retention
was not apparent in the single-mutant strains, consistent withits absence from the PAIRS analysis of Erv14 clients [22]
(Figure 1C).
We quantified defects in Yor1 traffic using in vitro budding
assays that reconstitute vesicle formation from permeabilized
cells to measure capture of newly synthesized cargo into
COPII vesicles [27]. Radiolabeled wild-type, erv14D, erv15D,
and erv14D erv15D membranes expressing hemagglutinin
(HA)-tagged Yor1 were incubated with purified COPII proteins
and either GTP or GDP. Vesicles were separated from donor
membranes by differential centrifugation, and cargo proteins
were immunoprecipitated from total membrane and vesicle
fractions. Relative to wild-type, erv15D cells showed no defect
in packaging of Yor1 into vesicles, whereas, in erv14D cells,
Yor1 capture was reduced byw50%. This defect was further
exacerbated in the erv14D erv15D cells (Figure 1D). These
data imply that both Erv14 and Erv15 have the capacity to
act as cargo adaptors for Yor1, but that Erv15 alone is not suf-
ficient to complement the defects associated with loss of
Erv14. Indeed, when we placed the ERV15ORF under the con-
trol of the ERV14 promoter in erv14D and erv14D erv15D
strains, Erv15 was able to fully complement the oligomycin
sensitivity of both strains (Figure S1A) and restored packaging
of Yor1-HA into COPII vesicles in vitro (Figure S1B). This
rescue phenotype is consistent with the known expression
levels of Erv14 and Erv15, with Erv15 undetectable at steady
state [31].
We next asked what function Erv14/Erv15 might perform in
the context of Yor1 biogenesis. We tested whether Erv14 is a
folding chaperone for Yor1 by monitoring susceptibility to
405limited proteolysis, which reflects the folding status of the
assembled protein [32, 33] (Figure S1C). We treated mem-
branes isolated from wild-type and erv14D erv15D strains ex-
pressing Yor1-HA with increasing concentrations of trypsin
and examined the profile of HA-tagged protein fragments
that resulted. No difference was apparent in Yor1 fragmenta-
tion, either at steady state or from membranes that had been
radiolabeled to monitor newly synthesized Yor1-HA (Fig-
ure S1C), suggesting that Erv14 does not influence the global
folding of Yor1.
We next explored the relationship between Yor1, Erv14, and
Sec24 genetically by testing whether overexpression of Sec24
could compensate for lack of Erv14. We reasoned that if Erv14
functions as a cargo receptor to recruit the COPII coat, then
excess Sec24 might drive ER export of Yor1 (via its di-acidic
motif) by mass action. Indeed, Sec24 driven by a copper-
inducible promoter partially rescued the oligomycin sensitivity
of an erv14D erv15D mutant (Figure 1E, left panels). Overex-
pression of Sec24 could simply increase the number of vesi-
cles made, which might stochastically increase capture of
Yor1. However, overexpression of the Sec24 B-site mutant
failed to rescue the oligomycin sensitivity of the erv14D
erv15D strain (Figure 1E, left panels), suggesting that specific
cargo-coat interaction is important, and arguing against bulk
flow. Similarly, Sec24 overexpression was unable to rescue
the oligomycin-sensitive phenotype of a yor1D strain express-
ing a Yor1 mutant that lacks the DxE motif (Figure 1E, right
panels) or various misfolded alleles of Yor1. We note that the
Sec24 A-site mutant gave slightly better rescue than wild-
type Sec24. Perhaps by depleting A-site-specific cargo, addi-
tional space is available to accommodate more Yor1 under
these partial rescue conditions. Our interpretation of the
Sec24 overexpression experiments is that ER export of Yor1
can be driven by specific interaction with Sec24, but that
Erv14 provides additional affinity between client and coat
and thereby enhances export. In these conditions, we expect
that excess Sec24 engages with Sec23, which is more abun-
dant than Sec24, perhaps at the expense of Sec23-Iss1 and
Sec23-Lst1 complexes.
COPII Binding by Erv14 Is Universally Required for Client
Trafficking
If Erv14 promotes Yor1-Sec24 interaction, then Yor1 traffic
should be impaired when the COPII-binding signal of Erv14
is mutated, as has been previously reported for the Erv14
client, Axl2 [21]. A cytosolic motif (IFRTL) in Erv14 is required
for COPII binding and ER export of Erv14 [21] (Figure 2A, lower
panel) and is at least partially conserved in Erv15 and other or-
thologs (Figure S2A). We examined the effect of mutating the
Erv14-IFRTL motif in the context of either Erv14-GFP or
Erv14-HA. The tags alone had no impact on Erv14 function
as assessed by oligomycin resistance (Figure S2B). Mutation
of the Erv14-IFRTL signal conferred oligomycin sensitivity,
suggesting impaired Yor1 traffic (Figure S2C). Furthermore,
in vitro packaging of Yor1 into COPII vesicles was compro-
mised in the context of the Erv14-IFRTLmutant (Figure 2A, up-
per panel; Figure S2D).
We next tested the universal importance of COPII binding
with respect to Erv14 function. We first sought to more fully
define the client repertoire of Erv14, bearing in mind the func-
tional redundancy between Erv14 and Erv15. We turned to the
powerful PAIRS approach [22] to monitor the localization of
180 GFP-tagged membrane proteins (Table S1) in an erv14D
erv15D background. We identified 16 additional proteinswhose transport out of the ER was dependent on Erv14/
Erv15 (Figure S3A). Mirroring previous findings [22, 23], the
vast majority of new clients are polytopic transmembrane pro-
teins that reside in the late secretory pathway, with a strong
preference for the plasma membrane (Figure 2B, two left col-
umns; Table S1), although other steady-state localizations
such as vacuolar membrane are also represented (Figure 2B,
two right columns). Importantly, approximately half of the
plasma membrane proteome remained unaffected by the
absence of Erv14/Erv15 (Figure S3B; Table S1). Erv14 indepen-
dence was reconfirmed for several of these non-clients by
PCR-mediated integration of the GFP tag at the C terminus
of the cargo proteins in a fresh erv14D erv15D strain, ruling
out potential artifacts associated with the mating-based
approach (Figure 2C). We conclude that there is a degree of
specificity in Erv14 function, whereby only some polytopic
proteins require assistance in leaving the ER. Importantly,
expression of Erv14-IFRTL caused ER retention of all the cli-
ents we tested (Figure 2D), demonstrating that the ability of
Erv14 to engage the COPII coat is universally essential for its
function.
We next probed the relationship between Erv14 and Sec24,
testing whether the three known binding surfaces on yeast
Sec24 (the A-, B-, and C-sites) are responsible for traffic of
Erv14. We expressed Erv14-GFP in strains expressing wild-
type ormutant forms of Sec24 as the sole copy of this essential
protein. In wild-type cells, Erv14-GFPwas found in both the ER
and the vacuole limiting membrane (Figure 3A, left panel). The
proportion of Erv14-GFP in both the ER and vacuole was un-
changed in any of the Sec24 mutant strains, suggesting that
none of these sites contribute to ERexport of Erv14 (Figure 3A).
This conclusion was confirmed using the in vitro vesicle forma-
tion assay, where incorporation of Erv14-HA into COPII vesi-
cles was comparable regardless of the form of Sec24 used
(Figure 3B), suggesting that the IFRTL export motif of Erv14
engages Sec24 via an area distinct from the three known bind-
ing sites.
Given that some Erv14 clients possess sorting signals, we
tested how widespread this phenomenon might be by exam-
ining localization of a variety of Erv14 clients in Sec24 mutant
backgrounds. The majority of clients did not use any of the
defined sites on Sec24 (Figure S4A). However, a small number
of Erv14 clients were ER retained in the Sec24 B-site mutant,
similar to Yor1 [27]. These included functionally diverse cli-
ents, Pdr5, Dpp1, and Mnn5 (Figure 3C). Thus, for a subset
of Erv14 clients, efficient capture into COPII vesicles is driven
by both a direct interaction with the Sec24 B-site and indirect
contact with the coat via the Erv14-IFRTL motif, which en-
gages a different region of Sec24. For those Erv14 clients
that do not engage the known sites on Sec24, it remains to
be determined whether ER export is mediated solely by
Erv14 or if they also engage unidentified Sec24 sites (see
Figure 7).
If a subset of Erv14 clients relies on dual interaction with
both Sec24 and Erv14, then combined defects in both
Sec24 cargo binding and Erv14 function should have a pheno-
typic cost. We tested this by deleting ERV14 in strains ex-
pressing cargo-binding mutant forms of SEC24. Each of these
mutants is permissive for growth when present as the sole
copy of Sec24 (Figure S4B, left panel), but the Sec24 B-site
mutant could not support viability in the absence of Erv14
(Figure 3D). Conversely, there was no phenotypic cost when
the receptor for soluble cargo proteins, Erv29, was deleted
(Figure S4B, right panel). Our interpretation of this specific
Figure 2. ER Export of Erv14 Clients Relies on Erv14-Sec24 Interaction
(A) Packaging of Yor1-HA or Erv14-HA into COPII vesicles was examined in vitro from membranes isolated from the strain backgrounds indicated and as
described in Figure 1D. Numbers indicate budding efficiency (% total).
(B and C) Summary of the PAIRS analysis: wide-fieldmicrographs of the indicated cargo proteins taggedwith GFP, expressed in wild-type or erv14D erv15D
cells (scale bar, 2 mm). (B) Examples of novel Erv14 clients. Note that Fth1 and Dpp1 are vacuolar membrane proteins. Arrows indicate perinuclear ER. (C) A
selection of plasma membrane proteins that do not require Erv14 for ER export.
(D) GFP-tagged versions of the indicated Erv14 clients were examined in an erv14D erv15D strain expressing either wild-type ERV14 (top panels) or erv14-
IFTRL (lower panels). All proteins showed perinuclear localization (arrows) consistent with ER retention in the presence of erv14-IFTRL (scale bar, 2 mm).
See also Figures S2 and S3 and Table S1.
406genetic interaction is that the combined abrogation of both
Erv14 and the Sec24 B-site causes a significant deficit in ER
export of membrane proteins such that viability is not
supported.
Erv14 Binds a Novel Site on the Membrane-Proximal
Surface of Sec24
To identify residues on Sec24 that might contribute to
Erv14 recognition, we mutated surface-exposed residues on
Sec24 and screened for phenotypes that might indicate
Yor1 trafficking defects. We identified three residues (S491,
F576, and R578) that form a patch on the membrane-proximal
face of Sec24 (Figure 4A), adjacent to the B-site [10]. Mutation
of all three residues, which delineate what we now call the
D-site, to alanine rendered cells sensitive to oligomycin,consistent with a Yor1 trafficking defect (Figure S5A). Of these
residues, F576 and R578 seem to be most important because
the double mutation alone was significantly oligomycin sensi-
tive (Figure S5A). We examined the localization of Erv14-GFP
in a strain that expressed the Sec24-SFR triple mutant in the
absence of both Sec24 and its close paralog, Iss1/Sfb2
because these residues are conserved between the two iso-
forms and indeed are also conserved in human Sec24a/b iso-
forms. In the presence of wild-type Sec24, Erv14-GFP local-
ized both to the ER and the vacuole membrane (Figure 4B,
arrows denote vacuole limiting membrane; Figure S5B),
whereas, in the presence of sec24-SFR, Erv14-GFP was
depleted from the vacuole membrane and was more abun-
dant in cortical ER (Figure 4B, arrowheads denote cortical
ER; Figure S5C). To confirm Erv14 trafficking defects, we
Figure 3. Erv14 Engagement with the COPII Coat
Is Independent of Known Sites on Sec24, but a
Subset of Erv14 Clients Rely on the B-site for ER
Export
(A) Erv14-GFP was expressed in a sec24D strain
that co-expressed wild-type or cargo-binding
mutants of SEC24 as indicated. In all strains,
Erv14-GFP was detected in both ER and vacuolar
membranes with no obvious increase in the pro-
portion of ER localized signal (scale bar, 2 mm).
(B) Capture of Erv14-HA into COPII vesicles was
monitored in vitro as described for Figure 1D us-
ing wild-type or mutant versions of Sec24 as indi-
cated. Erv14 was equally detected in the vesicle
fractions regardless of the Sec24 variant used.
(C) The localization of GFP-tagged clients was
examined in the presence of wild-type (lower
panels) or cargo-binding mutants of SEC24 (top
panels): Pdr5-GFP, Dpp1-GFP, and Mnn5-GFP
were ER retained in cells expressing the B-site
mutant of Sec24. Arrows indicate perinuclear ER.
(D) Yeast strains bearing deletions in SEC24 and
ERV14 and expressing wild-type SEC24 from a
URA3-marked plasmid were transformed with
the indicated variants of SEC24, and serial dilutions were spotted onto medium containing 5-FOA, which counterselects for the URA3-marked wild-type
version. The B-site mutant of Sec24 was unable to sustain growth as sole copy when ERV14 was deleted.
See also Figure S4.
407purified the mutant forms of Sec24 and used them in in vitro
budding reactions. In the presence of the mutant forms of
Sec24, Erv14 was less abundant in the vesicle fraction,
consistent with a role for this site in recognizing Erv14 (Fig-
ure 4C). The residual packaging of Erv14 indicates the
possible contribution of additional residues on the surface
of Sec24, which remain to be identified via structural analysis.
Importantly, a control protein, Sec22, was unaffected by any
of the mutations that affect the D-site of Sec24, (Figure 4C).
Consistent with ourmodel that the Sec24 S491, F576, andR578
residues correspond to the Erv14 binding site, all Erv14 clients
that we tested were ER retained when this mutant was the sole
copy of Sec24 (Figure 5A). This included both B-site Sec24 cli-
ents like Yor1-GFP and Dpp1-GFP and B-site-independent
cargoes like Itr1-GFP and Mid2-GFP, suggesting that the
Erv14-binding site is not simply indirectly affecting the B-
site. Importantly, non-Erv14 clients were unaffected by this
mutation (Figure 5B). We tested localization of plasmid-borne
copies of a subset of plasma membrane proteins that do not
require Erv14 for traffic in a sec24D iss1D double mutant,
finding that pMep1-GFP, pMep3-GFP, and pYcf1-GFP were
normally localized when Sec24-SFR was expressed (Fig-
ure 5B). If this new site on Sec24 corresponds to the Erv14-
binding site, then we should observe synthetic lethality when
this site is combined with B-site mutations, similar to the
phenotype described above (Figure 3D). Indeed, when the
F576A and R578A mutations were combined with R230A/R235A
mutations, cells grew poorly at all growth temperatures (Fig-
ure S6A). Together, these data support a model whereby
Erv14 binds to a novel cargo-interaction site on the mem-
brane-proximal surface of Sec24 to mediate efficient ER
export of its full repertoire of clients. For a subset of clients,
interaction with the Sec24 B-site is also required for export,
positioning Sec24 as a coincidence detector that binds simul-
taneously to signals that derive from both Erv14 and its client.
In support of coincident cargo binding at the B- and D-sites,
we observed cross-complementation of the Sec24-B and
Sec24-D site mutants: cells were viable when individual B-
and D-site mutants were expressed on separate plasmids,suggesting that trafficking is only impaired when these lesions
occur on the same protein (Figure S6B).
The Second Transmembrane Domain of Erv14 Contains a
Specific Cargo-Binding Site
We next sought to dissect the mechanism by which Erv14
binds its clients. We reasoned that residues important for
Erv14 function should be conserved between the two yeast
paralogs and among their homologs in different kingdoms
(Figure S2A). We generated a series of point mutants (Table
S2) in constructs expressing Erv14-HA or Erv14-GFP, identi-
fying sites that impacted oligomycin sensitivity (Figure S2C).
None of these mutations destabilized Erv14 at steady state,
suggesting that they do not globally induce misfolding (Fig-
ure S2F). The lumenal Erv14 mutant, erv14-DYPE, showed in-
termediate incorporation into ER-derived vesicles, with an
w50% reduction compared to wild-type (Figure S2E), which
parallels the weaker oligomycin phenotype and Yor1 export
defect observed for this particular allele (Figures S2C and
S2D, respectively). Conversely, mutation of three conserved
residues in the second TMD, F62, L63, and N74 (referred to as
FLN), dramatically impaired Yor1-HApackaging in vitro leaving
Erv14-HA packaging unaffected (Figures S2D and S2E), sug-
gesting that this site modulates Yor1 export independent of
Erv14 ER egress.
One obvious potential role for the FLN residues of Erv14 is as
a cargo-binding site. We sought to test this by monitoring
Erv14-client interaction using the Membrane Yeast Two-
Hybrid (MYTH) approach [34]. The chromosomal copies of
various clients were tagged with a C-terminal fragment of
ubiquitin (Cub) followed by a transcription factor, and plas-
mids bearing fusions of the N-terminal ubiquitin fragment
with various forms of Erv14 (Nub-Erv14) were introduced into
these strains [35]. Physical proximity of the bait and prey pro-
teins permits assembly of ubiquitin that is proteolytically
cleaved, liberating the transcription factor and driving expres-
sion of selectable markers (histidine or adenine prototrophy in
this case). Relative to a vector control, Erv14 and Yor1 showed
robust interaction that was not perturbed by mutations in
Figure 4. Identification of a Novel Binding Site on
Sec24 Required for ER Exit of Erv14
(A) Ribbon diagram of Sec24 showing the location
of the B-site (Arg230, Arg235: red) and a new site
(Ser491, Phe576, and Arg578: orange) involved in
Erv14 packaging. This figurewas generated using
PyMOL (http://www.pymol.org). The gray line
represents the lipid bilayer.
(B) Erv14-GFP localization was monitored by epi-
fluorescence microscopy in sec24D iss1D strains
expressing wild-type SEC24 (left panels, arrows
indicate vacuolar membrane) or the sec24-SFR
mutant (right panel, arrowheads indicate cortical
ER) as the sole copy (scale bar, 2 mm).
(C) Incorporation of Erv14 into COPII vesicles was
monitored as described in Figure 1D using wild-
type or mutant versions of Sec24 (S491D F576A
R578A, S491A F576A R578A, or S491E F576A
R578A) as indicated. Quantification (right panel;
n = 3; errors bars represent SD) showed that the
abundance of Erv14-HA in the vesicle fraction
was reduced in the context of mutant versions
of SEC24, where Sec22 was unaffected.
See also Figure S5.
408either the COPII-binding IFRTL motif or the lumenal DYPE site
(Figure 6A). Conversely, mutation of the TMD2 residues, F62
and L63, dramatically reduced the interaction between Yor1-
Cub and Nub-Erv14 (Figure 6A). Similar effects were observed
for additional Erv14 clients, Sur7-Cub, Qdr2-Cub, and Hip1-
Cub, with the TMD2mutants specifically abolishing interaction
(Figure 6A). In contrast, these TMD2 mutations did not cause
any detectable growth defect when co-expressed with Itr1-
Cub and Hxt3-Cub (Figure 6A), which suggests that Erv14
TMD2 does not drive interaction with these clients.
We confirmed the differential TMD2-dependent interaction
between Erv14 and its clients by immunoprecipitating HA-
tagged Erv14 from digitonin-solubilized microsomal mem-
branes expressing Erv14-HA or Erv14-F62AL63A-HA. To
improve client recovery with each construct, we also mutated
the COPII binding signal to enrich for ER-retained Erv14 [21].
Mass spectrometry of the precipitated material verified that
the TMD2 mutation impairs binding with a subset of Erv14 cli-
ents (Table S3). Furthermore, we observed differential effects
of the TMD2 mutations on the localization of various clients,
with impaired ER export of Hip1-GFP, Tpo4-GFP, and Nha1-
GFP (Figure 6B) but normal localization of Hxt3-GFP and
Mid2-GFP (Figure 6C). Mid2-GFP traffic was also assessed
by immunoblot, which permits the ER-retained protein to be
distinguished from the larger Golgi-modified form [22]. In an
erv14D erv15D strain, Mid2-GFP is predominantly in the ER
form; the TMD2 mutant form of Erv14 rescues Golgi modifica-
tion to the same extent as wild-type Erv14, whereas the COPIIbinding mutant form of Erv14 was un-
able to restore traffic (Figure 6D). Taken
together, these data indicate that TMD2
of Erv14 is responsible for the mobiliza-
tion of multiple cargo clients and likely
corresponds to a direct site of interac-
tion with many, but not all, clients.
Discussion
Having recently identified Erv14 as regu-
lator of ER export of Yor1 [29], we soughtto understand why amembrane protein with its own ER export
signal also requires a cargo receptor. Our data position Erv14
as classical cargo receptor, binding to both cargo proteins and
the COPII coat to maximize efficient ER export (Figure 7). The
COPII-bindingmotif of Erv14 [21] is necessary for efficient traf-
ficking of all of its clients and is recognized by a site on Sec24
that specifically impacts Erv14 clients when mutated. The
positioning of the Erv14-binding site on the membrane-prox-
imal surface of Sec24 adjacent to the B-site supports a model
of dual Sec24 interaction with both Erv14- and cargo-borne
signals. We therefore propose a novel mechanism for Sec24
action, whereby coincident detection of multiple export sig-
nals is required for efficient capture into COPII vesicles.
Coat adaptors in other vesicle trafficking events also func-
tion as coincidence detectors, although there are some differ-
ences between these examples and the Sec24 system we
describe here. In the case of the AP-2 adaptor complex that
drives clathrin-mediated endocytosis, AP-2 subunits bind
simultaneously to inositol phospholipids and endocytic sort-
ing signals [36]. This dual interaction occurs after large confor-
mational changes in the AP-2 holocomplex, and different poly-
peptide subunits of the AP-2 complex contribute distinct
binding specificities [37]. Coincident detection of lipid-based
signals and protein-based sorting motifs has also been identi-
fied for sorting nexins that mediate endosomal traffic [38]. The
dual signal recognition by Sec24 that we describe here is
distinct in that it is mediated by two protein-based signals on
cargo proteins themselves. Furthermore, the two sorting
Figure 5. Mutation of the Erv14 Binding Site
on Sec24 Selectively Impairs ER Export of Erv14
Clients
(A) GFP-tagged clients were introduced into a
sec24D strain expressing wild-type SEC24 (top
panels) or the sec24-SFR mutant (lower panels).
Perinuclear ER retention (arrows) was detected
for all cargo proteins (scale bar, 2 mm).
(B) Plasmids bearing GFP-tagged versions of
Yor1, Mep1, Mep3, or Ycf1 were introduced into
sec24D iss1D strains expressing wild-type
SEC24 (top panels) or the sec24-SFR mutant
(lower panels): Yor1-GFP was detected in the
perinuclear ER (arrow) in the presence of the
sec24-SFR mutant, whereas the localization of
Mep1-GFP, Mep3-GFP, and Ycf1-GFP was com-
parable to that observed with wild-type SEC24.
See also Figure S6.
409signals interact with a single coat adaptor that is thought to
function as a static cargo-binding platform rather than an allo-
steric coat component [10, 13].
A dual requirement for interaction with both Erv14 and
Sec24 is not unique to Yor1 and the other Erv14/Sec24 clients
identified here (Mnn5, Pdr5, and Dpp1). Vesicular stomatitis vi-
rus glycoprotein (VSV-G) employs the Erv14 ortholog, CNIH4,
for normal ER exit [39] in addition to a di-acidic motif on its
cytoplasmic tail [40]. Furthermore, a requirement for dual sig-
nals might extend to additional Erv14 clients because either
disruption of Erv14/Erv15 or abrogation of export signals con-
fers an incomplete block in ER export [40–42]. The positioning
of the Erv14-binding site on a central region of Sec24 seems
compatible with simultaneous binding of cargo to additional
surfaces that remain to be characterized. Indeed, yeast Gap1
depends on both Erv14 [23] and its own sortingmotif [5], which
interacts with an unknown site on Sec24 [4]. In our analysis,
Gap1would thus bemistakenly characterized as relying exclu-
sively on Erv14 for ER export. Membrane proteins that are not
Erv14 clients might possess two independent ER export sig-
nals, or may use higher affinity interactions with Sec24 that
preclude the need for the additional action of Erv14. The
advantage of presenting the coat with multiple signals may
stem from the relatively weak affinities between Sec24 and
its cargo [10]. Similar principles may apply to membraneproteins that oligomerize prior to ER
export; assembly of monomers would
serve to concentrate and orient a simple
sorting signal in order tomaximize COPII
binding. ERGIC-53 conforms to this
model, where hexamerization is driven
by lumenal and TMD determinants that
drive orientation of a cytosolic ER export
signal [43].
A requirement for multiple COPII sig-
nals might also contribute to additional
aspects of polytopic membrane protein
biogenesis. For example, Erv14 could
ensure protein quality control by specif-
ically recognizing properly assembled
TMDs, which would then trigger
engagement of the COPII coat and ER
export. Such context-dependent use
of ER export signals occurs in yeast,
where traffic of the Erv41/Erv46complex depends on the correct positioning of both COPII
binding signals [44]. An important aspect of polytopic mem-
brane protein biogenesis is the physical environment of the
ER membrane: membrane proteins that reside in the late
secretory pathway, as most Erv14 clients do, possess longer
TMDs than ER resident proteins [28]. The physical require-
ments associated with driving proteins with long hydropho-
bic spans into a curved nascent vesicle membrane might
impose an extra energetic burden on the coat system and
thereby require additional avidity for the coat. Interestingly,
Erv14 appears to employ multiple modes of cargo binding:
we identified a discrete site of client interaction contained
within TMD2 of Erv14, whereas other clients seem to bind
via lumenal domains [26] or by the physical length of the
client TMD [22]. These different binding modes might reflect
the different needs of the various clients, making Erv14 a truly
multifunctional ‘‘escort’’ that not only couples cargo to the
COPII coat, but also promotes selection of distinct client pro-
teins [45].
Our dissection of Sec24-Erv14-client interactions sheds
new light on the complexity of ER export signals and the
different strategies that have evolved to accommodate effi-
cient sorting of the wide variety of secretory cargoes. Further
mechanistic investigation of the interactions between Sec24,
Erv14, and its clients will be central to dissecting how ER
Figure 6. Mutations in TMD2 of Erv14 Impair Binding with a Subset of Clients
(A) Interactions between Erv14 and its clients were analyzed using themembrane yeast two-hybrid split ubiquitin system. The indicated clients were tagged
with the CYT (Cub-(YFP)LexA-VP16) cassette in the yeast strain THY AP4 (lexA::HIS3 lexA::ADE2). Each client-Cub strain was subsequently transformed
with plasmids expressing the indicated versions of ERV14 tagged with Nub. Serial dilutions were spotted onto SD-TRP plates (control) and SD-HIS or
SD-ADE to test for interaction. Nub-ERV14, Nub-erv14-IFTRL, and Nub-erv14-DYPE conferred equivalent interaction on selective media, whereas the
TMD2 mutations, F62A and F62AL63A, both decreased interaction with Yor1-CYT, Sur7-CYT, Qdr2-CYT, and Hip-CYT, but not with Itr1-CYT or Hxt3-CYT.
(B and C) Wide-field fluorescence micrographs of Tpo4-GFP, Nha1-GFP, and Mid2-GFP expressed in erv14D or erv14D erv15D strains expressing the indi-
cated variants of ERV14. Arrows delineate perinuclear ER (scale bar, 2 mm).
(D) Anti-GFP immunoblots of whole-cell lysates from erv14D erv15D strains co-expressing Mid2-GFP and the indicated Erv14 variants. Mid2 undergoes
post-ER glycosylation resulting in a slowly migrating species (mature). Expression of erv14-IFRTL caused accumulation of the ER form of Mid2 (ER). In
contrast, no maturation defects were observed for the erv14-F62A and erv14-F62AL63A mutants.
See also Figure S2 and Tables S2 and S3.
410export adapts to the diversity of cargo that must navigate the
early secretory pathway.Experimental Procedures
Yeast Growth, Strain, and Plasmid Construction
Yeast cultures were grown at 30C in standard rich media (YPD: 1% yeast
extract, 2% peptone, and 2% glucose) or synthetic complete media (SC:
0.67% yeast nitrogen base and 2% glucose, supplemented with amino
acids appropriate for auxotrophic growth). When needed, G418 (Calbio-
chem) or Nourseothricin (WERNER BioAgents) were added to 200 mg/ml.
In cases where G418 was required in a SD-based medium, yeast nitrogen
base without ammonium sulfate (Conda Pronadisa) and mono-sodium
glutamate (Sigma-Aldrich) were used as nitrogen source. For testing sensi-
tivity to oligomycin, 10-fold serial dilutions of saturated cultures were
applied to YPEG plates (1% yeast extract, 2% peptone, 3% ethanol, and
3% glycerol) supplemented with oligomycin (final concentrations from 0.2
to 0.4 mg/ml; Sigma-Aldrich). Genetic modifications at the CAN1 locus
were selected on SD-ARG medium supplemented with canavanine (50 mg/ml; Sigma-Aldrich). For strain and plasmid construction, please see the Sup-
plemental Experimental Procedures.
Live-Cell Imaging
Cells were grown in liquid media to mid-log phase. Images were taken on a
Zeiss AxioImager Z1 upright fluorescent microscope with a 100 3 1.4 nu-
merical aperture oil immersion objective (Zeiss). Images were collected us-
ing AxioVision Rel software (Zeiss) and processed with Adobe Photoshop.
Secretome Analysis and Robotic Manipulations
All genetic manipulations were performed using SGA techniques as previ-
ously described [22]. In brief, the query strains SPY81 or SPY82, in some
cases bearing plasmids containing ERV14 wild-type or mutants, were
mated on rich media plates with strains selected from the yeast GFP library
[46]. After diploid selection, sporulation was induced by transferring cells to
nitrogen starvation plates. Haploid cells containing all desired mutations
were selected on plates containing all markers alongside the toxic amino
acid derivatives canavanine (Sigma-Aldrich) to select against remaining dip-
loids. The SGA procedure was conducted using a RoToR bench-top colony
arrayer (Singer Instruments).
Figure 7. Sec24 as a Coincidence Detector that
Binds Two Signals to Drive ER Export
(A) Yor1 and other clients interact directly with the
Sec24 B-site and indirectly with the Sec24 D-site
via the IFRTL motif of Erv14 (left). Gap1 also em-
ploys Erv14 but binds to Sec24 via an unknown
additional E-site (right).
(B) Some Erv14 clients (e.g., Tpo4, Itr1, etc.) do
not use known sites on Sec24 butmay employ un-
known sites on Sec24 or may rely exclusively on
Erv14-Sec24 interactions to drive export.
411Limited Proteolysis
Yor1 conformation was analyzed as described previously [27]. In brief,
wild-type or erv14D erv15D mutant cells expressing wild-type Yor1-HA
were harvested during mid-log phase, resuspended in buffer B88
(20 mM HEPES [pH 6.8], 250 mM sorbitol, 150 mM KOAc, 5 mM MgOAc)
and divided into four 25 ml reactions (2.5 OD600/reaction). Each reaction
was treated with a final concentration of 0, 25, 50, or 100 ng/ml trypsin
(Sigma-Aldrich) for 10 min on ice. Digestion was terminated by addition
of 0.2 mg/ml (final concentration) soybean trypsin inhibitor (Sigma-Aldrich)
and incubated on ice for 15 min. Proteins were separated by SDS-PAGE,
and the pattern of Yor1 fragments was analyzed by immunoblot using an
anti-HA antibody. For analysis during early stages of Yor1 biogenesis, ra-
diolabeled semi-intact cells were used as the source of membranes [47];
spheroplasts were treated with trypsin as described above, and Yor1 frag-
ments were immunoprecipitated and analyzed by SDS-PAGE and
PhosphorImage.
In Vitro Vesicle Budding
Sar1, Sec23/24, and Sec13/31 were prepared as described previously [1].
Radiolabeled semi-intact cells were prepared as described previously
[47]. In brief, cells were grown to mid-log phase prior to Met/Cys starvation
(10 min) and addition of Express protein labeling mix (w70 mCi/OD600 of
cells; MP Biomedicals). Cells were labeled for 15 min at 30C and then killed
and converted to spheroplasts, which were washed once with low acetate
B88 (50 mM KOAc,) and twice with B88 before incubation with COPII pro-
teins (10 mg/ml Sar1, 10 mg/ml Sec23/24, and 20 mg/ml Sec13/31) either in
the presence of 0.1 mM GTP with a 10 3 ATP regeneration system or
0.1 mM GDP. Vesicles were separated from donor membranes by cen-
trifugation at 16,000 rpm (5 min) and solubilized with 1% SDS (final concen-
tration), and cargo proteins were immunoprecipitated and analyzed by
SDS-PAGE and PhosphorImage.
Erv14 Coimmunoprecipitation and Mass Spectrometry
Microsomal membranes were purified as described [1] from strains ex-
pressing HA-tagged forms of Erv14-IFRTL and Erv14-IFRTL-FL. An un-
tagged strain served as a negative control. Membranes (500 mg total mem-
branes) were resuspended in 70 mM Tris (pH 7.5) 210 mM NaCl and
solubilized with digitonin (1.5% final concentration) for 30 min on ice.
Insoluble material was removed by centrifugation and the lysate incubated
with anti-HA resin (Sigma-Aldrich) for 60 min at 4C. Immunoprecipitations
were washed with Tris/NaCl/digitonin, and proteins were analyzed by
SDS-PAGE on Tris-Tricine gels followed by colloidal Coomassie staining.
Gel lanes were excised in 1 mm slices and subjected to tryptic digest
and mass spectrometry. Mass spectrometry data were analyzed using
Scaffold software.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, six figures, and three tables and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2014.11.070.
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